Three experiments were conducted to determine the digestible lysine requirement of starter (6 kg BW initially) and of grower (21 kg BW initially) pigs. Experiment 1 used 294 starter pigs and lasted 28 d; Exp. 2 used 182 grower pigs and lasted 35 d. Protein and total lysine contents of the basal corn-peanut meal diets were 20 and 3% for Exp. 1 and 16 and .54% for Exp. 2. Basal diets were fortified with five incremental additions of lysine.HC1 to provide lysine contents ranging from .8 to 1.3% in Exp. 1, and .54 to .94% in Exp. 2. Diets contained crystalline tryptophan, threonine and isoleucine (Exp. 1 only) to provide dietary concentrations equal to 18.70 and 60% of the highest lysine level fed. Average daily gain and gain/feed of both starter and grower pigs increased (P < .05) linearly and quadratically as dietary lysine level increased. For starter pigs, ADG and gain/feed were optimized at 1.1 to 1.2% total lysine. For grower pigs, A19G and gain/feed were optimized at 36% total lysine. In Exp. 3, barrows fitted with an ileal Tcannula were used in a 4 x 4 Latin square design. Basal diets and diets with added lysine were evaluated. Apparent lysine digestibility of the basal starter and grower diets and lysineHC1 were 79.9, 74.1 and 96.7%. respectively. Based on these values and the total lysine contents found to optimize performance, the digestible lysine requirements of starter and gower pigs are 1.03 and .71%, respectively.
and gain/feed of both starter and grower pigs increased (P < .05) linearly and quadratically as dietary lysine level increased. For starter pigs, ADG and gain/feed were optimized at 1.1 to 1.2% total lysine. For grower pigs, A19G and gain/feed were optimized at 36% total lysine. In Exp. 3, barrows fitted with an ileal Tcannula were used in a 4 x 4 Latin square design. Basal diets and diets with added lysine were evaluated. Apparent lysine digestibility of the basal starter and grower diets and lysineHC1 were 79.9, 74.1 and 96.7%. respectively. Based on these values and the total lysine contents found to optimize performance, the digestible lysine requirements of starter and gower pigs are 1.03 and .71%, respectively. (Key Words: Pigs, Lysine, Requirements, Amino Acids, Digestibility.) J. Anim. Sci. 1990. 68:2748-2755 introduction A large number of experiments have been conducted to determine the lysine requirements of the pig weighing 5 to 50 kg. These data have been reviewed by the ARC (1981), SCA (1987) and the NRC (1988). Examination of individual experiments for each class of pig shows variation in the estimated requirements. This is not surprising because the requirement can be affected by a number of factors, including energy and protein content of the diet, initial and final pig weights and feeding method. Differences in digestibility or availability of lysine among feedstuffs also may be responsible for some of the variation among trials. Common feedstuffs vary considerably in apparent digestibility of amino acids (Sauer and Ozimek, 1986; Knabe et al., 1989) . The ARC (1981), SCA (1987) and NRC (1988) address the need to consider digestibility or availability of amino acids when formulating diets, but only the SCA (1987) lists requirements for available lysine. Estimating digestible lysine requirements from published data is not always feasible because lysine contents of feedstuffs often are not given or feedstuffs with undetermined digestibility are used. The objective of this research was to determine the digestible lysine requirement of starter and grower pigs. and ether extract using AOAC (1984) procedures. Amino acid contents were determined using the procedures described by Knabe et al. (1989) . Diets were formulated using the analyzed CP and amino acid contents (Table  1) .
Basal diets for starter and grower pigs were formulated to contain 20 and 16% protein, respectively (Table 2) . Corresponding lysine contents were .80 and .54%, respectively. Crystalline tryptophan, threonine and isoleucine were added to the basal diets to provide dietary concentrations that were 18, 70 and 60% of the highest lysine level fed. These ratios are similar to those proposed by the ARC (1981) and NRC (1988) . Dietary contents of other essential amino acids were at least 110 or 120% of the NRC (1988) requirements for pigs weighing 5 to 10 kg and 20 to 50 kg, respectively. LysineHC1 was added in five equal increments to provide dietary lysine concentrations that ranged from .80 to 1.30% in starter diets and .54 to .90% in grower diets (Table 2) . Lysine additions were made at the expense of glycine and glutamic acid to maintain isonitrogenous diets. Conventional 20 and 16% protein corn-soybean meal diets also were included in the starter and grower trials, respectively, to serve as reference diets.
Experiment 1 consisted of two trials and used 294 crossbred (Yorkshire-Landrace sows x Duroc-Hampshire boars) pigs averaging 6.1 kg and weaned at about 28 d of age. Trials followed a randomized block design with blocks formed on the basis of initial weight and pen location within the nursery. Each pen housed six pigs. Littermates were balanced across treatments as much as possible. Procedures were identical for each trial except that the first trial had three blocks and the second trial four blocks. The trials began on the day of weaning and lasted for 28 d. Pigs were housed in 1.5-m x 1.5-m pens having woven-wire flooring. Temperature in the nursery was maintained at 29°C for the initial 7 d, and then was gradually lowered to 24°C by d 21. Pigs had ad libitum access to feed and water.
Experiment 2 used 182 crossbred (same breeding as Ekp. 1) pigs initially averaging 62 d of age and 20.5 kg BW. Pigs were allotted to treatment on the basis of sex, initial weight and litter. Trial 1 contained six blocks, and trial 2 contained seven blocks. Each block consisted of seven pens with each pen containing one barrow and one gilt. Pigs were housed in 1.2-m x 5.5-m concrete-floored pens. Onehalf of the pen was covered by roof. Foggers in the outside portion of the pens were activated by a thermostat when temperatures exceeded 29'C. Pigs had ad libitum access to feed and water. Trials lasted 35 d and were conducted during May, June and July.
Experiment 3 was a 4 x 4 Latin square designed digestion trial. Diets from Exp. 1 containing .8 and 1.2% lysine, and diets from Exp. 2 containing .54 and .86% lysine were evaluated. Composition of diets was identical to that of diets in Exp. 1 and 2, except that .25% chromic oxide was substituted for .25% corn.
Four barrows weighing approximately 25 kg were fitted surgically with a simple Tcannula approximately 10 cm anterior to the ileal-cecal junction. The experiment started 14 d after surgery, when pigs were placed in 1-m x 2-m stainless steel metabolism cages. Room temperature was maintained at 25°C. Pigs received equal amounts of feed at 0700 and 1800. Within each period, all pigs were fed the same amount. Daily intakes were 1.09, ly.
1.45, 1.81 and 2.18 kg for periods 1 to 4, respectively, and averaged 3.5% of the mean pig weight. Water was mixed with the feed prior to feeding to provide a 1:l f d w a t e r ratio. Additional water was offered after each feeding. Each experimental period consisted of a 6 d adjustment phase, followed by 3 d of ileal digesta collection. Digesta were collected between 0700 and 1800. Collection, storage and preparation of ileal digesta samples were performed following the procedures described by Knabe et al. (1989) . Ileal and diet samples were analyzed for protein and amino acid content using the methods described for the feedstuffs except that tryptophan contents were not determined. Chromic oxide content was determined using the procedure of Kimura and Miller (1957) .
The pen was used as the experimental unit in analyses of data for Exp. 1 and 2. The statistical model for these t i i a l s contained the DIGESTIBLE LYSINE REQunUeMENT OF PIGS effects of trial, block within trial, diet and trial x diet interaction. Diet effects were partitioned into linear and quadratic effects of lysine content (control diet deleted) and a single degree of freedom contrast to compare the control diet to the diet containing the second highest level of lysine. All trial x diet interactions were nonsignificant (P > .25). The lysine requirement was estimated by fitting a broken-line to the data (Robbins, 1986) , by using a plateau method (Anderson and Nelson, 1975) and by calculations of the inflection point from the quadratic equation.
Experiment 3 was analyzed as a 4 x 4 Latin square. Single degree of freedom contrasts were used to determine whether the addition of lysine affected digestibilities within the starter and grower diets, and to determine whether the average digestibilities of the starter diets differed from those of the grower diets. procedures of SAS (1985) were used for all statistical analyses.
Results and Discussion
Average daily gain, average daily feed intake and gain/feed increased (P < .01) both linearly and quadratically as lysine content of the diets increased in Exp. 1 (Table 3) . Performance of pigs fed the control diet (1.14%) lysine was similar (P > .lo) to performance of pigs fed the peanut meal-based diet containing 1.2% lysine. The lysine contents determined to optimize ADG, average daily feed intake and gain/feed using the three different mathematical methods are given in Table 3 . In general, agreement between values determined by the broken-line and plateau methods was reasonably good. Values predicted by the broken-line and plateau method were, respectively, ADG, 1.06, 1.10%; average daily feed intake, 1.02, 1%; and gain/feed, 1.16, 1.2%. The quadratic method predicted considerably higher requirements (1.2, 1.15 and 1.27% for ADG, average daily feed intake and gadfeed, respectively). The higher values from the quadratic method were expected because such curvilinear methods presumably predict requirements adequate for maximal performance of all animals in the population, whereas the broken-line method predicts requirements for the average animal in the population (Baker, 1986) . The plateau method selects the tested nutrient level that maximizes a response, but it does not select a value between test levels of the nutrient. Collectively, these data indicate that 1.1 to 1.2% lysine was needed to optimize daily gain and gain/ feed.
Previous experiments to determine the lysine requirement of pigs weighing 5 to 20 kg fed practical diets ad libitum have yielded variable results. Estimated lysine requirements were found to be 1.08% (Campbell, 1978) , 1.15 to 1.25% (Lewis et al., 1981) , .87% (Rogerson and Campbell, 1982 ), 1.15% (Aheme and Nielsen, 1983), 1.25% (Pollmann et al., 1983 ), 1.11 to 1.27% &in and Jensen, 1985), 1.1% (Thaler et al., 1986) and .95% (Weaver et al., 1988) . Differences in composition of the basal diets (ingredients, protein and energy content), initial and final pig weights, genotype of the pig, environmental conditions and statistical methods among trials can explain some of this variation. The NRC (1988) reported that lysine requirements were 1.15% for the pig weighing 5 to 10 kg and .95% for the pig weighing 10 to 20 kg. The total lysine requirement of the pig 5 to 20 kg reported by the SCA (1987) is .79 g/MJ digestible energy. That is equal to 1.12% lysine in a diet containing 3.40 Mcal digestible energykg, the estimated digestible energy content of the diets used in Exp. 1.
Increasing the dietary lysine content in Exp.
2 for growing pigs resulted in linear (P < .01) responses in ADG, average daily feed intake and gain/feed (Table 4) . Quadratic responses to lysine content also were found for ADG (P < .Ol), average daily feed intake (P < .05) and gain/feed (P < .01). In contrast to the results of Exp. 1, no obvious peak in ADG and gain/feed occurred within the range of lysine levels fed. A consistent linear response was found within the range of .54 to .78% lysine, but performance continued to improve at the .86 and .94% lysine levels, although each incremental increase in lysine resulted in progressively smaller improvements in performance. Pigs fed the control diet, which contained .83% lysine, and pigs fed the peanut meal-based diet containing 36% lysine had similar performance. Due to the absence of a distant peak in ADG and gaidfeed with increasing lysine content, the quadratic equation predicted that lysine requirements for maximum performance were beyond the levels fed. These estimates (1.04% for ADG and 1.05% for gain/feed) contrast with the lower estimate of .86% Libal (1974) reported that the addition of .10 or .20% lysine to 14% protein com-soybean meal diets containing .66% lysine did not improve performance of barrows and gilts weighing 15 to 50 kg. Similarly, Williams et al. (1984) found no improvement in performance of barrows from the addition of .15 or .30% lysine to a 14% protein cornsoybean meal diet containing .60% lysine. In a titration experiment, Baker et al. (1975) found that .77% lysine was needed in a 16% protein com-sesame seed meal diet to optimize performance of barrows and gilts. The lysine requirement given by the NRC (1988) for barrows and gilts weighing 20 to 50 kg is .75%.
In contrast, Batteham et al. (1985) used response surface analysis to determine the lysine requirement of ad libitum-fed boars and gilts weighing 20 to 50 kg; they reported that lysine requirements were .97 and .87% for boars and gilts, respectively, in diets containing 3.36 Mcal digestible energy& In diets containing 3.4 Mcal of digestible energykg, Henry et al. (1971) reported that lysine requirements were 1.02% for gilts and 32% for barrows weighing 20 to 60 kg. The SCA (1987) lists the lysine requirements of boars weighing 20 to 50 kg and gilts fed ad libitum to be .75 and .67 g/MJ digestible energy, respectively; this is equal to 1.07 and .96% lysine in diets containing 3.41 Mcal digestible energybg, the estimated digestible energy content of the diets in Exp. 2.
Pigs in Exp. 3 averaged 32 kg at the beginning of the experiment and 61 kg at its conclusion. Their ADG of .80 kg/d and overall gain/feed of .49 indicate that gains were not affected adversely by cannulation.
Daily feed intake was limited and standardized for each of the four experimental periods. Because pigs in the growth trials were given unlimited access to feed, the question arises as to whether digestibilities determined from limit-fed pigs can be applied to diets available ad libitum. Haydon et al. (1984) determined that ileal N and amino acid digestibilities of a sorghum-soybean meal diet were not affected by feeding levels ranging from ad libitum (6% of BW/day) to 3% of BW/day. Jorgensen et al. (1981) also reported that feeding level did not affect ileal DM and N digestibilities.
The ileal digestibilities of lysine in the basal starter and grower diets (Table 5) were 79.9 and 74.1%, respectively. The associated standard deviations were 1.3 and 2.4, respectively, which indicates that digestibility was uniform among the four pigs used in the experiment.
The addition of lysineHC1 increased (P .01) the digestibility of lysine to 85.5 and 82.6%, for the starter and grower diets, respectively. This increase is equal to a lysine digestibility of 96.7 and 96.9% for lysineHC1 when calculated by difference. These values agree with the value of 100% reported by Shipley et al. (1987) for lysineHC1 added to sorghum-peanut meal-based diets. Liebholz (1985) also reported almost complete absorption of lysine from lysineHC1 at the end of the small intestine of pigs.
The addition of lysine to both the starter and grower diets tended to cause small reductions (1 to 3 percentage units) in digestibilities of certain amino acids. These differences were significant (P < .05) for protein, arginine, histidine, and phenylalanine in the starter diet and for valine (P c .lo) in the grower diet. Shipley et al. (1987) also found slight reductions in amino acid digestibilities from the addition of lysine.HC1 to sorghumpeanut meal-based diets.
Ambo acid digestibilities were consistently higher for the starter diets than for the grower diets. Differences ranged from .8 to 3.2 percentage units (excluding lysine, threonine and isoleucine due to differences in crystalline additions) and were significant (P < .01) for all amino acids except leucine and methionine. These differences probably were caused by the higher content of soybean meal in the starter diets (9.96 vs 2%). Soybean meal has amino acid digestibilities (Knabe et al., 1989) that are higher than those of corn (Lin et al., 1987) and peanut meal (Knabe et al., 1989) .
Results of the starter and grower trials suggest that total dietary lysine requirements were for these diet mixtures 1.2 and .86%, respectively. Based on the digestibilities of lysine determined for the basal diets, and an average digestibility of 96.7% for lysine-Ha, the digestible lysine requirements of starter and grower pigs are 1.03 and .71%, respectively. For a simple corn (.25% lysine, 78% digestible)-soybean meal (2.9% lysine, 85% digestible) diet, total lysine contents of 1.22 and 3 5 % would be needed to obtain these digestible lysine levels.
Aheme and Nielsen (1983) reported total and digestible lysine requirements of 1.15 and 1% for pigs weighing 7 to 19 kg. Their digestible lysine requirement was calculated from total lysine contents and published lysine digestibifities. The available lysine requirements of the pig weighing 5 to 20 kg suggested by the SCA (1987) is .93% in diets containing 3.36 Mcal digestible energykg. Comparable available lysine requirements are 39% and .79% for 20-to 50-kg boars and gilts, respectively, fed diets containing 3.40 Mcal digestible energykg. The SCA (1987) used an availability of 85% to convert total lysine requirements to available lysine require ments.
The digestibility of amino acids in common feedstuffs and digestible amino acid requirements must be known to formulate diets on a digestible amino acid basis. A database of amino acid digestibilities is available (Sauer and Ozimek, 1986; Knabe et al., 1989) and the current study provides estimates of the digestible lysine requirement of starter and grower pigs. Additional work is needed to determine the digestible lysine requirement of finisher pigs and sows and to determine digestible requirements for other amino acids (particularly tryptophan and threonine) for all stages of growth and reproduction.
Effective formulation on a digestible amino acid basis also requires the absence of associative effects for digestibilities when mixtures of feedstuffs are fed. The limited data currently available (Gamen, 1987; Imbeah et al., 1988) suggest that associative effects should be minimal. This is supported indirectly by the results of the present trials. The determined lysine digestibilities of the basal diets were 79.9 and 76.4%. Based on average lysine digestibilities of 78% for corn (Lii et al., 1987) , 85% for soybean meal and 66% for peanut meal (Knabe et al., 1989) . the calculated lysine digestibility of the basal starter and grower diets are 76 and 72%.
The increased precision in diet formulation that may result from using digestible amino acid requirement and digestible amino acid contents of feeds will depend largely upon the differences in amino acid digestibility among the feedstuffs used. For most feedstuffs, differences in digestibility are not large and increased precision will be small. The greatest benefit from formulating diets according to digestible amino acid requirements would result when feedstuffs with high digestibility (ring-dried blood meal, crystalline amino acids) or feedstuffs with low digestibility (some meat and bone meals, cottonseed meal, feather meal) are used. These latter feedstuffs usually are limited to low levels in diets because higher amounts have lowered pig performance. Some of this reduction in performance may have resulted from inadequate amounts of digestible amino acids in the diets. Formulation on a digestible amino acid basis may increase usage of these lower-quality feedstuffs.
Implications
The digestible lysine requirements of starter and grower pigs were determined to be 1.03 and .71%, respectively. Use of these values in formulating practical diets with ingredients that vary in lysine digestibility should increase the precision of diet formulation. 
